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Abstract
Exposure to environmental and occupational particulatematter (PM) induces health effects on the
cardio-pulmonary system. In addition, associations between exposure to PMandmetabolic
syndromes like diabetesmellitus or obesity are now emerging in the literature. Collection of exhaled
breath condensate (EBC) is an appealing non-invasive technique to sample pulmonaryfluids. This
hypothesis-generating study aims to (1) validate an ion chromatographymethod allowing the robust
determination of differentmetabolism-relatedmolecules (lactate, formate, acetate, propionate,
butyrate, pyruvate, nitrite, nitrate) in EBC; (2) apply thismethod to EBC samples collected from
workers exposed to quartz (a known inflammatory particle), to soapstone (a less inflammatory particle
than quartz), as well as to controls. Amulti-compound standard solutionwas used to determine the
linearity range, detection limit, repeatability and bias from spiked EBC. The biological samples were
injectedwithout further treatment into an ion chromatographwith a conductivity detector. RTube®
were used for field collection of EBC from11 controls, 55workers exposed to soapstone and 12
volunteers exposed to quartz dust. The analyticalmethod used proved to be adequate for quantifying
eight anions in EBC samples. Its sub-micromolar detection limits and repeatability, combinedwith a
very simple sample preparation, allowed an easy and fast quantification of different glycolysis or
nitrosative stressmetabolites. Usingmultivariate discriminant analysis tomaximize differences
between groups, we observed a different pattern of anionswith a higher formate/acetate ratio in the
EBC samples for quartz exposedworkers compared to the two other groups.We hypothesize that a
modification of themetabolic signature could be induced by exposure to inflammatory particles like
quartz andmight be observed in the EBC via a change in the formate/acetate ratio.
Introduction
Increasing evidence indicates that exposure to envir-
onmental and occupational particulate matter (PM)
induces health effects on the cardio-pulmonary system
[1]. Indeed, particles with specific surface character-
istics or chemical compositions can trigger signaling
pathways through oxidative stress, inducing inflam-
mation [2]. Beside this recognized effect, associations
between exposure to PM and metabolic syndromes
like diabetes mellitus [3–5] or obesity [6] are now
emerging in the literature. In order to identify
potential pathways associated with such effects, meta-
bolomics techniques are often used. These techniques,
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combining high-throughput mass spectrometry
detection (MS) or nuclear magnetic resonance
spectroscopy (NMR) with bioinformatics, allow the
identification and quantification of small molecules
resulting from biochemical processes taking place in
cells, tissues or organs [7]. The final goal of such
techniques is to find differences in the pattern of
measuredmetabolites in order to differentiate groups.
As the lung is the main entry portal for the inhaled
particles, it seems interesting to consider exhaled breath
condensate (EBC) as a convenient way to access the air-
ways liningfluid (ALF) and to determine in this liquid, a
panel of biomarkers related to metabolic or oxidative
stress effects [8]. Although this biological matrix is sim-
ply collected by cooling a subject’s exhaled breath in a
non-invasive way, there are inherent difficulties related
to such a technique [9]. One of them is that analytical
techniques need to be sensitive enough to detect selec-
ted biomarkers. Due to the very large water vapor con-
tent in the exhaled air, its condensation will strongly
dilute the small fraction of the droplet originating from
the ALF [10]. Sensitive, robust and validated analytical
methods are thus a prerequisite to propose EBC as a
routine clinical technique.
NMR spectroscopy appears to be a method of
choice for multiple endogenous metabolites analysis in
EBC as this technique is not destructive, very sensitive
and reproducible [11–13]. Based on differences in the
detected metabolites in this biological matrix, NMR
technique could clearly differentiate healthy volunteers
from patients with different pathologies like COPD or
asthma [14, 15]. Among the metabolites often reported
in EBC in such studies are short chain fatty acids (SCFA,
like acetate, propionate, butyrate), α-keto acids (pyr-
uvate,K) or formate. As all these organic acids are easily
ionized in basic conditions, ion chromatography (IC)
methods can be considered as a complementary alter-
native to the rather costly and sophisticated NMR tech-
nique. Reported levels of acetate, propionate, butyrate,
formate, pyruvate and lactate as well as nitrite and
nitrate in EBCby IC are still seldom [16–20].
The present hypothesis-generating study aims to
(1) validate an ICmethod allowing the robust determi-
nation of metabolites from the glycolysis/tri-
carboxylic acid pathways (lactate, formate, acetate,
propionate, butyrate, pyruvate) as well as metabolites,
resulting from the nitrosative stress (nitrite, nitrate) in
EBC, and (2) to apply thismethod to the EBC collected
from two groups of workers exposed to quartz parti-
cles, a known inflammatory particle, and to soapstone
particles, a less harmful particle, as well as to controls.
Materials andmethods
EBC collection
Population
We conducted an exposed-control study on a popula-
tion of 12 crystal quartz stone workers exposed to
quartz dust, 55 workers exposed to soapstone dust,
and 11 unexposed control subjects, all recruited
between May and October 2014 in the state of Minas
Gerais, Brazil. This population has been described in a
former paper [21] and is briefly summarized here
under.
The crystal quartz stone workers were producing
decorative crystal objects in partially open work sheds.
For that purpose, they had to cut, faceting, grinding,
and polishing crystal quartz stones with the aid of
motorized equipment and grinding or buffing wheels.
In addition, silicon carbide dust or tripoli (silica flour)
was used as loose abrasives for polishing. Such a popu-
lation still presents a very high prevalence of silicosis
and respiratory impairment [22]. The soapstone
workers were producing ornamental objects and
cooking tools like pans or pots. They shape soapstone
blocks using saws or turning equipment combined
with knives and sands. Most of the workers performed
more than one task.
Controls not exposed to quartz or soapstone were
recruited at the University of Ouro Preto (adminis-
trative sector and professors). All subjects were fully
informed about the study’s aims and gave their prior,
free, and informed consent. The study was approved
by the Ethics Committees on Research at the Federal
University of Minas Gerais (Report 183/08) and
the Federal University of Ouro Preto (reference
0063.0.238.000-10).
EBC collection
The EBC samples were collected during a single
workday at a clean location away from the exposed
subjects’ workplaces. The EBC samples were collected
over 15 min during tidal breathing using RTubes®
(Respiratory Research Inc., Charlottesville, VA, USA)
and nose clips, according to the latest recommenda-
tions [8]. As saliva contains a high concentration of
different anions, subjects were asked to rinse their
mouth with water before the collection and swallow
the saliva during collection. We took care to avoid
contamination and to isolate the EBC samples by
sealing the used polypropylene tubes with caps,
immediately after collection. The RTubes® containing
the EBC were stored at −80 °C and subsequently
thawed and aliquoted into Eppendorf tubes before
transportation by plane to France.
Anion analysis and validation
Method description
Only polypropylene material/containers were used.
Standard solutions were prepared in 0.2 μm filtered
Milipore water (18.3 MΩ.cm, <3 ppb total organic
carbon). Individual stock solution of each selected
anion was prepared in polypropylene bottles by
dissolving about 100 mg precisely weight of the salt
(sodium form for lactate, acetate, propionate, buty-
rate, pyruvate, nitrite; ammonium salt for formate and
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potassium salt for nitrate) in a known mass of water.
The working standard solution containing the eight
anions was prepared by adding known mass of each
stock standard and diluting to the convenient mass
with ultrapurewater.
After thawing and vortexing the samples, 100 μl of
the EBC samples were introduced in a low volume
polypropylene vial for IC (0.3 ml, 11.5×32 mm
screw vial, MachereyNagel Switzerland). Ten micro-
litres of this sample was then directly injected without
additional treatment into a Dionex ICS 5000+ ion
chromatograph, equipped with a dual pump, eluent
generator, autosampler and conductivity detector.
The analytical column was a IonPac AS11-HC
250mm, 4 μm (ThermoFisher Scientific, Ecublens,
Switzerland), thermostated at 30 °C. The eluent gra-
dient was 5 min at 1 mM hydroxyde ion than increas-
ing to 35 mM during 5 min and finally staying at this
concentration during 7 min.
The method’s performance for each analyte was
determined using the NFT 90–210 protocol [23]. The
linearity of the calibration curve was evaluated in a
range starting from sub-micromolar levels to about
3–15 times the levels measured in EBC. The limit of
quantification (LOQ)was determined using an a priori
estimation, and verifying that its accuracy was smaller
than an acceptable maximal deviation from the LOQ,
set at 60%. The limit of detection (LOD) then corre-
sponds to one third of the LOQ. The method’s accur-
acy and bias were evaluated by spiking a pooled EBC
with three different concentrations (about 50, 100,
150% of the pooled EBC content). Five independent
measurements were done at intermediate precision
condition. Finally, we verified the possible contrib-
ution to the anion concentration from RTubes® by
adding 2 ml of MiliQ water to each consumable, and
shaking for at least 2 min. The stability of the EBC
sample stored at−20 °C was determined by analyzing
aliquots of a pooled EBC sample and a spiked EBC
sample regularly over 12months.
In order to get an idea of the inter-individual varia-
tions, we asked six different healthy volunteers to col-
lect their EBC one time at three different respiratory
rates (low, medium, and high respiratory rate at 8, 12,
and 24 breaths.min−1, respectively).
Statistical analysis
As the anion concentrations were not normally
distributed, their log-normal transformation was
considered in the statistical analysis. A first ANOVA
analysis was done on these data in order to determine
if differences between the three groups could be
observed. A stepwise discriminant analysis was applied
to determine the best subset of eight anions able to
discriminate the three groups of subjects. The model
parameter is Wilks’ Lambda, an index of the discrimi-
nating power ranging between 0 and 1 (the lower the
value, the higher the discriminating power). Then a
canonical discriminant analysis was performed to
identify canonical axes, which are linear combinations
of these selected anions that provide maximal separa-
tion between the subjects’ groups. Statistical analyses
were performed using SAS 9.4 software (SAS Institute
Inc. Cary, USA) and Stata software (StataCorp LP,
College Station, TX,USA).
Results
Analyticalmethod validation
The selected analyticalmethodwas simple and allowed
a fast determination of eight anions. Only about 100 μl
of EBC was needed, allowing triplicate injections of
10 μl. All selected anions were detected and could be
quantified in the different EBC samples. Typical
concentrations were comprised between about
0.1 μM (pyruvate) to some 100 μM (acetate). The
developed elution gradient (hydroxide) allowed a
good separation of the different anions as illustrated in
thefigure 1.
Table 1 resumes the figure of merits for the devel-
oped analytical method. The calibration curve was lin-
ear for most of the analytes. Nevertheless, for acetate,
propionate and nitrate, the use of a second-order poly-
nomial curve fitting was selected as it increased the
regression coefficient above r2=0.99. The IC with
conductivity detection was quite sensitive with limits of
detection in the sub-micromolar concentration range.
The bias observed at this concentration was indeed
smaller than 60% of the LOQ, as proposed by the NFT
90–210 standard. The recovery rate obtained on spiked
EBC samples were also very good (above 90% for all
analytes). The averaged coefficient of variation asso-
ciated with the measurement of spiked EBC at three
levels in intermediate fidelity conditions was estimated
for each analyte and are given in table 1.We could verify
that the repeatability was smaller than 12% for all ana-
lytes, except for nitrate,which reached 20%.As certified
material for the selected anions is not available, we esti-
mated the analytical bias by using the spiked EBC sam-
ples. Following the NFT 90–210 standard, we verified
that the normalized bias was smaller than 2, indicative
of a negligible bias. The stability of the different anions
in the EBC samples was tested by analyzing regularly
aliquots of a pooled EBC sample, stored at−20 °C. The
selected anions were stable at least 12 months at this
temperature without any clear concentration change
(within 20% of the average concentration) (figure S1 is
available online at stacks.iop.org/JBR/14/026005/
mmedia, supplementarymaterial).
The presence of potential contaminations from
the RTubes® was tested by washing the inner surface of
three tubes with 2 ml of water. On average, concentra-
tions of the different anions were below the limit of
quantification, except for formate and nitrate. For
these two anions, their contribution to typical EBC
levels fromBrazilian controls or exposedworkers were
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smaller than 5% for formate and 15% for nitrate (data
not shown). Based on these results, the field collection
of EBC was done with RTubes® without additional
treatment as they are cleaned to factory standards
(alcohol followed by deionized water and forced air-
drying) before being packaged in plastic bags.
Inter-individual variability
The inter-individual variability for the selected anion
concentration was determined by collecting at
different days EBC samples from six healthy non-
smoker volunteers not occupationally exposed to
particles. For each volunteer, EBC collection was
repeatedly done at three respiratory rates (low,
medium, and high respiratory rate at 8, 12, and 24
breaths.min−1, respectively).
The respiratory rate had no influence on the anion
concentration (log transformed values, one-way
ANOVA with Bonferroni multi-comparison correc-
tion, p>0.05) except for lactate (table S1 supplemen-
tary material). For this anion, we observed a
statistically significant increase in the EBC concentra-
tion for the highest respiratory rate compared to the
other ones (p=0.001). The inter-individual varia-
bility was rather large and comprised between 9% and
110%, depending of the analyte and the collection
conditions (table S1 supplementarymaterial).
Field study
Population and exposure assessment
The general characteristics of the studied population
and the level of particulate exposure have been already
published [21] (table S2, supplementary material).
Table 1.Characteristics of the analyticalmethod allowing the determination of eight anions in exhaled breath condensate.
Lactate Acetate Propionate Formate Butyrate Pyruvate Nitrite Nitrate
Calibration range [μM] 0.1–5.7 0.6–121 0.13–26 0.2–40 0.1–4.7 0.05–2.3 0.1–20.9 0.07–7.6
Regression type Linear Poly. X2a Poly. X2a Linear Linear Linear Linear Poly. X2a
Limit of detection [μM] 0.11 0.27 0.07 0.12 0.58 0.16 0.20 0.07
Recovery EBC spiked≈50% [%] 99±4 99±9 96±2 99±19 99±13 101±12 98±6 97±10
Recovery EBC spiked≈100% [%] 101±4 95±6 92±5 94±11 96±9 102±9 96±4 95±2
Recovery EBC spiked≈150% [%] 95±4 92±6 87±7 90±3 93±6 93±5 94±6 90±6
Averaged coefficient of
variation [%]
7 8 9 12 9 7 8 20
a Second order polynomial regression
Figure 1.Typical chromatogram for a standard solution (dotted trace, Lactate: 2.8 μM;Acetate: 60.6 μM;Propionate: 13.0 μM;
Formate: 20.0 μM;Butyrate: 2.4 μM;Pyruvate: 1.2 μM;Nitrite: 10.5 μM;Nitrate: 3.8 μM) and an EBC sample from aBrazilian
volunteer exposed to soapstone (grey trace).
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Briefly, the respirable dust concentration was the
highest for the soapstone workers whereas the crystal
quartz group had a higher silica dust exposure, as
expected.
Concentration of anions in EBC
The selected anions could be quantified in all the EBC
samples from either controls or workers exposed to
soapstone or quartz. Figure 2 illustrates the averaged
concentrations of each anions determined for each
groups.
In this study, acetate presented the highest con-
centration for all measured anions followed by pro-
pionate>formate>lactate>butyrate>nitrite ∼
nitrate>pyruvate. This classification was the same
for the three groups considered in this study. Acetate
and propionate were highly correlated together
(r2 comprised between 0.82–0.87, depending on the
exposure group) as well as propionate and butyrate
(r2 comprised between 0.62–0.86, depending on
the exposure group). The correlation between acetate
and butyrate was lower, with r2 values comprised
between 0.42 (soapstone group) to 0.76 (control group)
(figure S2, supplementarymaterial). The ratio of acetate:
propionate:butyrate was 81±6: 16±6: 2±1 for con-
trols, 81±5: 16±4: 3±2 for soapstone exposed
workers and 75±12: 21±11: 5±6 for quartz
exposed workers. Acetate (log transformed concentra-
tions) was the only variable presenting a statistically
significant difference between groups, with a smaller
level for the quartz group (one-way ANOVA with
Bonferroni multi-comparison correction, p=0.01)
compared to the soapstone group.
A stepwise linear discriminant analysis was done
using the eight selectedmetabolites and resulted in the
identification of five anions able to discriminate the
three subjects’ groups: acetate, propionate, formate,
nitrate and pyruvate (Wilks’ Lambda=0.64
p< 0.001). With these five anions, two canonical axes
could be defined, with only one (Can 1) containing
93% of the information. The model for this Can 1 axis
was:
= +
+ -
´ -
Can 1 4.40 log acetate 3.11 log nitrate
2.25 log pyruvate 5.34 log
formate 3.09 log propionate
* *
* *
*
[ ] [ ]
[ ]
[ ] [ ]
This model maximizes the difference between the
two groups of exposed workers to soapstone and
quartz, respectively, as illustrated infigure 3.
Two families of anions contribute differently to
this model: acetate, nitrate and pyruvate contribute in
a positive way whereas formate and propionate
decrease the value of Can 1 axis. Along this axis
(figure 3), the centroid of the ellipse corresponding to
the 90% confidence interval for individuals exposed to
soapstone is located slightly in the positive side
whereas for individuals exposed to quartz, this cen-
troid is located in the negative side of this canonical
axe. Based on the model for Can 1, such observation
suggests that either the negative contributing variables
(formate and/or propionate) have a larger influence
for quartz-exposed volunteers than for soapstone-
exposed workers or that the contribution of positive
variables (acetate, pyruvate, nitrate) is decreasing for
the quartz group compared to the soapstone group.
By using the ratio formate/acetate as a measure of
the contribution of these positive and negative famil-
ies, we observed a statistically significant difference
between quartz-exposed workers compared to the
soapstone-exposed group as well as with the control
(one-way ANOVA with Bonferroni correction,
p=0.006 and 0.021, respectively, figure 4).
Discussion
By using a validated ion chromatography method and
a statistical treatment based on multiple linear dis-
criminant analysis, we observed a different pattern of
anions in EBC samples for quartz exposed workers
Figure 2.Averaged concentrations for each anion in EBC collected from the control, soapstone and quartz exposed groups.
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compared to the soapstone or control groups, with a
lower formate to acetate ratio for these two last groups.
The analytical method used proved to be adequate
for quantifying eight anions in EBC samples. Its sub-
micromolar detection limits and repeatability, com-
bined with a very simple sample preparation, allowed
an easy and fast quantification of different glycolysis or
nitrosative stress metabolites. The fact that the sample
is directly injected without any treatment is an advan-
tage as drying/concentrating steps in the EBC samples
treatment are reported to induce solute precipitation,
potentially creating insoluble species whose analysis is
problematic [24].
Short chain fatty acids (SCFA) are the main meta-
bolites resulting from anaerobic bacterial fermenta-
tion [25] or can originate from different pyruvate
metabolism pathways [26]. At the cellular level, SCFA
can be used as an energy source and are playing a role
in the modulation of cell proliferation/differentiation
as activation of immune/inflammatory responses
[25, 27]. Our data indicates that concentrations of
acetate, propionate and butyrate (in descending order
of abundance) in EBC are the highest among the selec-
ted anions, in agreement with results fromother litera-
ture (table S3 supplementary material). The strong
correlation between acetate, propionate and butyrate
suggest that these three anions are originating from the
same process (figure S2 supplementary material). For
EBC samples from healthy volunteers, the averaged
physiological non de-aerated pH is calculated to be
7.2±0.7 [28]. At such pH, acetate, propionate, buty-
rate and formate are all under the deprotonated form
and are thus non-volatile (figure S3, supplementary
material). Among the eight metabolites measured in
this study, only acetate levels was significantly
decreased for the quartz group compared to the con-
trol or soapstone group (83±113 μM versus
105±90 μM and 127±135 μM, respectively). Such
observation is in line with in vitro studies. In ametabo-
lomic study exposing HeLa cells to SiO2 nanoparticles
[29], an initial increase of metabolic end-products
(including acetate) followed by a decreased release of
Figure 4.Box plot of the ratio formate to acetate for the control, quartz and soapstone groups (y axis in log scale). A statistically
significant difference is observed between the quartz group and the two other one.
Figure 3.Distribution of the different subjects within the two canonical axes. The 90% confidence interval ellipse is indicated for the
groups (dotted line for the control group, grey line for the soapstone exposedworkers and black line for the volunteers exposed to
quartz) and the same color-coded crux corresponds to the centroid of each group.
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such compounds in the cell milieu was observed either
for low or high SiO2 dosage levels. This metabolic
response was attributed to an initial high glycolytic
activity followed by an adaptative response to silica
nanoparticle exposure, characterized by a decreased
energy demand of the cells due to apoptosis and cell
death. A similar suppressive effect on acetate levels has
been observed for hepatic cells (HepG2) exposed to
silica nanoparticles [30]. Modifications of acetate
levels with contrasting tendencies are also reported in
studies aiming to compare metabolites fingerprints in
bio-fluids collected from healthy volunteers or sub-
jects with different pathologies [27]. Specifically for
EBC matrices, acetate levels are reported to be lower
for obese compared to lean subjects [31]. Such
decrease has been linked to energy balance. In a similar
study comparing metabolic EBC fingerprints of obese
asthmatics (OA), lean asthmatics (LA) and obese non
asthmatics (ONA) [32], a reduced level of acetate was
determined for both OA and LA compared to ONA.
On the contrary, EBC of COPD smokers presented an
increased acetate level compared to healthy smo-
kers [33].
We have shown, on a small number of resting sub-
jects, that lactate concentration in EBC increases with
respiratory rate. Marek et al [34] have shown in heal-
thy subjects that the concentration of lactate increased
two-fold in the EBC after a maximal exercise and that
this was correlated with blood lactate concentration.
In the condition of maximal exercise, lactate mainly
comes from the anaerobic metabolism or results from
a switch from oxidative phosphorylation (taking place
into the mitochondria), to aerobic glycolysis (in the
cellular cytosol) [35]. At rest, the lung production of
lactate is equal to the lactate utilization [36], so in nor-
mal conditions without respiratory diseases, the lac-
tate concentration assayed in the EBC corresponds to
the lactate molecules coming from the pulmonary
capillaries. Hyperventilation at rest for healthy sub-
jects causes blood alkalosis due to excessive expiration
of CO2 and Druml et al [37] showed that respiratory
alkalosis increases the basal plasma concentration of
lactate. That’s why we found higher concentrations of
lactate in EBC for the higher respiratory rates. How-
ever, we found lower levels of lactate concentration in
EBC of non-exposed subjects than other adults (table
S3 supplementary material). This lower concentration
could be influenced by the EBC collected device or by
the dosingmethod.
Compared to the very few studies reporting for-
mate concentrations in EBC [18, 19], the level mea-
sured within this study are about two times larger
(table S3 supplementary material). Formate acts as a
dual redox species as it can play an important role in
the progression of inflammatory diseases [31]. On the
other hand, formate results when glyoxylate reacts
with ROS [38] and this carboxylic acid can be further
used as a reducing compound to generate
NADPHand succinate [39].
Pyruvate levels are the lowest in all the EBC sam-
ples, in accordance with data from Greenwald et al
[18]. Pyruvate is an intermediate compound in the
metabolism of carbohydrates (glycolysis), proteins
and fats. In the presence of ROS, it is decarboxylated
and generates acetate [38].
Averaged levels of EBC nitrite and nitrate are of
similar magnitude for all groups in this study
(figure 2), whereas generally, a larger concentration of
nitrate is determined in healthy patients (table S3 sup-
plementary material). Nitrite and nitrate have been
reported to be present in the airway lining fluid and
correspond to the end-product of NOmetabolism [8].
These two anions are considered as good biomarkers
of oxidative/nitrosative stress whereas their correla-
tion with exhaled NO is low [40]. In our case, the
nitrite concentration has to be considered with cau-
tion and could be overestimated due to the presence of
an unidentified compound, which could not be com-
pletely resolved with the IC elution gradient. The lar-
gest variability was determined for nitrate (table 1). In
a large population study [40], the intra-individual
variability for nitrite and nitrate was 22% and con-
sidered as satisfactory. In another study [41], a similar
intra-individual CV for nitrite concentration in heal-
thy volunteers was reportedwhereas that of nitrate was
larger, around 49%. The same study reported an inter-
individual variability for nitrite and nitrate as high as
46% and 119%, respectively. Such a variability is diffi-
cult to attribute definitely to one reason but the pre-
sence of high levels of nitrite (max. 1–2 mM) and
nitrate (max. 10 mM) in the oral cavity after dietary
intake [42] could influence the EBC concentration
levels.
The use of a linear discriminant analysis on these
data allowed the development of a model maximizing
the separation between quartz and soapstone groups.
Acetate, nitrate and pyruvate concentrations positively
influenced this separation, whereas formate and pro-
pionate presented a negative contribution. In order to
avoid the fact that differences in concentration
observed between groups are due to different dilution
of the EBC samples, the use of a ratio of two non-vola-
tile analytes could be helpful to resolve such a problem
[9, 10]. By using the ratio formate to acetate, a statisti-
cally significant differentiation between the quartz
group and both the control and soapstone exposed
groups could be observed (figure 4). Acetate was selec-
ted as a representative of the positive influence on vari-
ables for two reasons. This metabolite is frequently
reported as an important parameter allowing us to dif-
ferentiate between healthy volunteers and patients
with different pathologies (asthma [12, 15, 43], COPD
[14, 33], obesity [31], or a combination of obesity and
asthma [32], as well as lung cancer [44]). The second
reason is that the high acetate concentration in EBC
allows a good quantification with a small error. For-
mate was selected as a representative of the negative
influencing variables in the model for three reasons.
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The first one is that a statistically non-significant and
low association (r2=0.16, p=0.19) with acetate is
determined for healthy controls, suggesting that the
source of this metabolite is different from SCFA (acet-
ate, propionate, butyrate). The second reason is that
this metabolite can play an important role in the pro-
gression of inflammatory diseases by favouring ROS
production through disrupting the mitochondrial
electron transport and energy production [31].
Finally, it is generated when glyoxylate (a metabolite
originating from the splitting of isocitrate, an inter-
mediate of the tricarboxylic acid cycle) reacts with
ROS [38]. An increase in formate concentration could
be indicative of a metabolic adaptation to fight oxida-
tive stress. In addition, formate has been proposed as a
biomarker of nitrosative stress, as it could originate
from the S-nitrosothiol catabolism, as observed in
severe asthma [19].
Based on these observations, we make the hypoth-
esis that a modification of the metabolic signature is
induced by exposure to inflammatory quartz andmight
be observed in the EBC via a change in the formate/
acetate ratio. The biological effect of quartz has been
demonstrated to be related to its surface reactivity and
intrinsic propensity to generate ROS and oxidative
stress [45]. The inflammatory property of fine and
ultrafine quartz particulate has been also demonstrated
for animals [46]. In order to respond to this, multiple
cellular strategies to maintain the redox balance can
take place: the ‘classical’ up regulation of non-enzy-
matic antioxidants (glutathion, ascorbic acidK) or
enzymes (catalase, superoxide dismutase,K), or indu-
cing a metabolic switch through controlling the
reduced nicotinamide adenine dinucleotide phosphate
pool (NAD+/NADH and NADP+/NADPH redox
couples) [47]. For example, under oxidative stress, bac-
teria tend to modify the NAD+/NADH couple in favor
of the NADP+/NADPH couple [38] by shunting the
normal tricarboxylic cycle (TCA) at the level of iso-
citrate. In addition to impede the NADH production,
this metabolic shift will generate glyoxylate, which pro-
duces formate when reacting with ROS [38]. Finally,
under oxidative stress conditions, different signaling,
activation and influx of immune cells to the inflamed
zone will also take place. All these up or down regulated
pathways are energy dependent and might alter the
metabolic profile [48, 49].
We think that this hypothesis is plausible as
already some papers report on modifications in the
metabolic response of different cells or animals
exposed to silica. For example, Lu et al [50] exposed
mice to SiO2 nanoparticles with different sizes and
observed an altered metabolite profile in the liver and
serum, which was interpreted as indicative of an
impairment of the tricarboxylic acid cycle (TCA) and
consistent with the occurrence of oxidative stress. A
study about the modification of the metabolism of
macrophages following exposure to silica nano-
particles has also reported a reprogramming of the
TCA cycle [51]. Similar results have been described for
human embryo kidney cells exposed to magnetic
nanoparticles coated with silica [52]. Anothermetabo-
lomic study on human lung cells exposed to fumed
silica nanoparticles reported an alteration of glucose,
lactate and amino acids levels in the culture med-
ium [53].
We are aware that our study has some limitations.
The limited number of quartz exposed volunteers did
not allow an external validation with an independent
group for the formate/acetate ratio to differentiate
exposure to inflammatory particles from less reactive
one. Whereas good reasons are to advocate for using
the EBC ratio formate/acetate as a marker for quartz
inflammation, the usefulness of this ratio has to be ver-
ified in other studies, in particular in view of its poten-
tial relevance in clinical diagnosis. In addition, the
temporal variation of these two metabolites in EBC of
healthy non-exposed volunteers should be evaluated.
Finally, the presence of formate and acetate in the
ambient air was not measured whereas data from
Izquierdo-Garcia et al [54] suggest a possible contrib-
ution from this side. The identification of the origin of
these different anions in EBC cannot be done based on
this study. For healthy volunteers, metabolic profiles
for plasma, EBC and saliva have shown to be compar-
able, with the strongest correlation reported between
EBC and saliva [55]. Compared to EBC levels, saliva
contains 10–100 times larger concentrations of acetate
[43]. By analogy to acetate, some other microbiome-
derived anions like SCFA could also partly derive from
the saliva rather than from the lungs. The observed
ratio of formate/acetate in our study is about 5–12
times larger than the one calculated from a metabo-
lomics study of saliva [56]. Other ratios calculated
from this reference (lactate/acetate, propionate/acet-
ate), differ also from the one determined in this study,
suggesting that the saliva is not a strong contributing
factor in the EBC anion determined in this study. The
presence of a microbiota in the lung is now largely
accepted [57] and its metabolism could be at the origin
of SCFA in EBC. Disruption of thismicrobial commu-
nity by exposure to reactive particles could also favour
more resistant microbes, inducing that this was a
modification of the secreted SCFA or other
metabolites.
Conclusions
By using a validated ion chromatography method and
statistical treatment based on principal component
analysis, wedemonstrated that exposure to a recognized
inflammatory particle (quartz) induced an altered
pattern of anions in EBC samples. This was reflected in
the ratio formate/acetate, which was statistically larger
for the quartz group compared to the group of workers
exposed to the less reactive soapstone particles. This
observation combined with literature data suggest that
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the simultaneous measurement of different anions in
EBC could be very interesting in evaluating the possible
metabolic changes due to exposure to PM. In addition,
the combination of IC with other techniques like NMR
could be complementary and could provide deeper
insight into metabolic responses to exposure to PM.
Nevertheless, our results have to be confirmed in
further studies.
Acknowledgments
The authors would like to thank all the volunteers who
accepted to participate to this study. This work
was supported by ‘Action en Région de Coopération
Universitaire et Scientifique’ (Programme ARCUS)
(a partnership between France and Brazil) and the
‘Fundação de Amparo a Pesquisa do Estado de Minas
Gerais’ (FAPEMIG). Authors are grateful to the
Universidade Federal de Ouro Preto and the Conselho
Nacional de Desenvolvimento Científico e Tecnoló-
gico (CNPq) for the research productivity fellowship.
Conflict of interest
The authors declare no conflicts of interests.
ORCID iDs
J-J Sauvain https://orcid.org/0000-0002-9541-9749
References
[1] BrookRD et al 2010 Particulatematter air pollution and
cardiovascular disease an update to the scientific statement
from theAmerican heart associationCirculation 121 2331–78
[2] Xia T, KovochichM, Brant J, HotzeM, Sempf J, Oberley T,
Sioutas C, Yeh J I,WiesnerMR andNel A E 2006Comparison
of the abilities of ambient andmanufactured nanoparticles to
induce cellular toxicity according to an oxidative stress
paradigmNano Lett. 6 1794–807
[3] Balti E V, Echouffo-Tcheugui J B, Yako YY andKengne AP
2014Air pollution and risk of type 2 diabetesmellitus: a
systematic review andmeta-analysisDiabetes Res. Clin. Pract.
106 161–72
[4] Eze I C,Hemkens LG, BucherHC,Hoffmann B, Schindler C,
Kunzli N, Schikowski T and Probst-HenschNM2015
Association between ambient air pollution and diabetes
mellitus in Europe and north America: systematic review and
meta-analysisEnviron. Health Perspect. 123 381–9
[5] RaoXQ,Montresor-Lopez J, Puett R, Rajagopalan S and
BrookRD2015Ambient air pollution: an emerging risk factor
for diabetesmellitusCurr. Diab. Rep. 5 33
[6] MaoGY et al 2017 Individual and joint effects of early-life
ambient PM2.5 exposure andmaternal prepregnancy obesity
on childhood overweight or obesity Environ. Health Perspect.
125 067005
[7] ManiscalcoMandMotta A 2017Metabolomics of exhaled
breath condensate: ameans for phenotyping respiratory
diseases?Biomarkers inMedicine 11 405–7
[8] Horvath I,Hunt J and Barnes P J 2005 Exhaled breath
condensate:methodological recommendations and
unresolved questions Eur. Respir. J. 26 523–48
[9] Hunt J 2007 Exhaled breath condensate: an overview Immunol.
Allergy Clin. North Am. 27 587–96
[10] Effros RM,HoaglandKW,BosbousM,CastilloD, Foss B,
DunningM,GareM, LinWand Sun F 2002Dilution of
respiratory solutes in exhaled condensatesAm. J. Respir. Crit.
CareMed. 165 663–9
[11] Montuschi P, Paris D,MelckD, Lucidi V, Ciabattoni G, RaiaV,
Calabrese C, BushA, Barnes P J andMotta A 2012NMR
spectroscopymetabolomic profiling of exhaled breath
condensate in patients with stable and unstable cystic fibrosis
Thorax 67 222–8
[12] ManiscalcoM, Paris D,MelckD J,Molino A,CaroneM,
Ruggeri P, Caramori G andMotta A 2018Differential
diagnosis between newly diagnosed asthma andCOPDusing
exhaled breath condensatemetabolomics: a pilot studyEur.
Respir. J. 51 1701825
[13] Paris D,ManiscalcoMandMotta A 2018Nuclearmagnetic
resonance-basedmetabolomics in respiratorymedicine Eur.
Respir. J. 52 1801107
[14] Bertini I, Luchinat C,MiniatiM,Monti S andTenori L 2014
PhenotypingCOPDbyH-1NMRmetabolomics of exhaled
breath condensateMetabolomics 10 302–11
[15] Carraro S, Rezzi S, Reneiro F,Héberger K,GiordanoG,
Zanconato S, GuillouC andBaraldi E 2007Metabolics applied
to exhaled breath condensate in childhood asthmaAm. J.
Respir. Crit. CareMed. 175 986–90
[16] GrieseM,Noss J and Schramel P 2003 Elemental and ion
composition of exhaled air condensate in cystic fibrosis Journal
of Cystic Fibrosis: Official Journal of the European Cystic Fibrosis
Society 2 136–42
[17] CorradiM, Pesci A, Casana R, Alinovi R,GoldoniM,
VettoriMVandCuomoA2003Nitrate in exhaled breath
condensate of patients with different airway diseasesNitric
Oxide-Biology andChemistry 8 26–30
[18] Greenwald R, Ferdinands JM andTeagueWG2009 Ionic
determinants of exhaled breath condensate pHbefore and
after exercise in adolescent athletesPediatr. Pulmonol. 44
768–77
[19] Greenwald R, Fitzpatrick AM,Gaston B,MarozkinaNV,
ErzurumS andTeagueWG2010Breath formate is amarker of
airway S-nitrosothiol depletion in severe asthmaPLoSOne 5
e11919
[20] Greenwald R, JohnsonBA,Hoskins A andDworski R 2013
Exhaled breath condensate formate after inhaled allergen
provocation in atopic asthmatics in vivo J. Asthma 50 619–22
[21] Sauvain J J, SuarezG, Edme J L, BezerraO, Silveira KG,
Amaral L S, Carneiro AP S, Cherot-KornobisN,
SobaszekA andHulo S 2017Method validation of
nanoparticle tracking analysis tomeasure pulmonary
nanoparticle content: the size distribution in exhaled breath
condensate depends on occupational exposure J. Breath Res. 11
016010
[22] Carneiro AP S, BrazN FT, Algranti E, BezerraO, AraujoNP S,
Amaral L S, Edme J L, Sobaszek A andCherot-KornobisN
2017 Silica exposure and disease in semi-precious stone
craftsmen,MinasGerais, BrazilAm. J. Ind.Med. 60 239–47
[23] AFNOR2009WaterQuality- Protocol for the InitialMethod
Performance Assessment in a Laboratory (La Plaine Saint-Denis
Cedex: AFNOR)
[24] de Laurentiis G, Paris D,MelckD,ManiscalcoM,Marsico S,
CorsoG,Motta A and SofiaM2008Metabonomic analysis of
exhaled breath condensate in adults by nuclearmagnetic
resonance spectroscopy Eur Respir J 32 1175–83
[25] VinoloMAR, RodriguesHG,Nachbar RT andCuri R 2011
Regulation of inflammation by short chain fatty acidsNutrients
3 858–76
[26] Richards L B, LiM, van Esch BCAM,Garssen J and Folkerts G
2016The effects of short-chain fatty acids on the
cardiovascular system PharmaNutrition 4 68–111
[27] ManiscalcoM, Fuschillo S, Paris D, CutignanoA,
Sanduzzi A andMotta A 2019Clinicalmetabolomics of
exhaled breath condensate in chronic respiratory diseasesAdv.
Clin. Chem. 88 121–49
[28] Aldakheel FM, Thomas P S, Bourke J E,MathesonMC,
Dharmage SC and LoweA J 2016Relationships between adult
9
J. Breath Res. 14 (2020) 026005 J-J Sauvain et al
asthma and oxidative stressmarkers and pH in exhaled breath
condensate: a systematic reviewAllergy 71 741–57
[29] Feng JH, Li JQ,WuHF andChenZ 2013Metabolic responses
ofHeLa cells to silica nanoparticles byNMR-based
metabolomic analysesMetabolomics 9 874–86
[30] ChatterjeeN, Jeong J, YoonD,KimS andChoi J 2018Global
metabolomics approach in in vitro and in vivomodels reveals
hepatic glutathione depletion induced by amorphous silica
nanoparticlesChem-Biol. Interact. 293 100–6
[31] Paris D,ManiscalcoM,MelckD,D’AmatoM, SorrentinoN,
ZeddaA, SofiaMandMotta A 2015 Inflammatorymetabolites
in exhaled breath condensate characterize the obese
respiratory phenotypeMetabolomics 11 1934–9
[32] ManiscalcoM, Paris D,MelckD J,D’AmatoM,ZeddaA,
SofiaM, Stellato C andMotta A 2017Coexistence of obesity
and asthma determines a distinct respiratorymetabolic
phenotype J. Allergy Clin. Immunol. 139 1536
[33] de Laurentiis G, Paris D,MelckD,Montuschi P,
ManiscalcoM, BiancoA, SofiaMandMotta A 2013 Separating
smoking-related diseases usingNMR-basedmetabolomics of
exhaled breath condensate J. Proteome. Res. 12 1502–11
[34] Marek EM,Volke J,Hawener I, Platen P,Mueckenhoff K and
MarekW2010Measurements of lactate in exhaled breath
condensate at rest and aftermaximal exercise in young and
healthy subjects J. Breath Res. 4 017105
[35] PucinoV, BombardieriM, Pitzalis C andMauroC2017
Lactate at the crossroads ofmetabolism, inflammation, and
autoimmunity Eur. J. Immunol. 47 14–21
[36] Iscra F, Gullo A andBioloG 2002 Bench-to-bedside review:
lactate and the lungCrit. Care 6 327–9
[37] DrumlW,GrimmG, Laggner AN, LenzK and Schneeweiss B
1991 Lactic-acid kinetics in respiratory alkalosisCrit. Care
Med. 19 1120–4
[38] Lemire J, Alhasawi A, AppannaVP, Tharmalingam S and
AppannaVD2017Metabolic defence against oxidative stress:
the road less travelled so far J. Appl.Microbiol. 123 798–809
[39] Thomas SC, Alhasawi A, Auger C,Omri A andAppannaVD
2016The role of formate in combatting oxidative stress
Antonie Van Leeuwenhoek International Journal of General and
MolecularMicrobiology 109 263–71
[40] Cherot-KornobisN,Hulo S, Edme J-L, deBrouckerV,
MatranRandSobaszekA2011Analysis of nitrogenoxides (NOx)
in the exhaledbreath condensate (EBC)of subjectswith asthmaas
a complement to exhalednitric oxide (FeNO)measurements: a
cross-sectional studyBMCResearchNotes4 202
[41] Chladkova J, Krcmova I, Chladek J, Cap P,Micuda S and
Hanzalkova Y 2006Validation of nitrite and nitrate
measurements in exhaled breath condensateRespiration 73
173–9
[42] Lundberg JO,Weitzberg E andGladwinMT2008The nitrate-
nitrite-nitric oxide pathway in physiology and therapeutics
Nat. Rev. DrugDiscovery 7 156–67
[43] Effros RM,Casaburi R, Su J, DunningM,Torday J, Biller J and
Shaker R 2006The effects of volatile salivary acids and bases on
exhaled breath condensate pHAm. J. Respir. Crit. CareMed.
173 386–92
[44] AhmedN et al 2016Metabolic signatures of lung cancer in
sputum and exhaled breath condensate detected byH-1
magnetic resonance spectroscopy: a feasibility studyMagnetic
Resonance Insights 9 29–35
[45] DonaldsonK andBormP JA 1998The quartz hazard: a
variable entityAnn.Occup. Hyg. 42 287–94
[46] Warheit DB, ReedKL and Sayes CM2009A role for
nanoparticle surface reactivity in facilitating pulmonary
toxicity and development of a base set of hazard assays as a
component of nanoparticle riskmanagement Inhal. Toxicol. 21
61–7
[47] XiaoWS,WangR S,HandyDE and Loscalzo J 2018NAD(H)
andNADP(H) redox couples and cellular energymetabolism
Antioxidants &Redox Signaling 28 251–72
[48] FitzpatrickMA andYoung S P 2013Metabolomics—a novel
window into inflammatory disease SwissMed.Wkly 143
w13743
[49] SantiniMT, Rainaldi G, Ferrante A, RomanoR,Clemente S,
Motta A, De Berardis B, BalduzziM, Paoletti L and
Indovina P L 2004 Environmental fine particulatematter (PM
2.5) activates the RAW264.7macrophage cell line even at very
low concentrations as revealed byH-1NMRChem. Res.
Toxicol. 17 63–74
[50] LuXY, TianY, ZhaoQQ, Jin TT, Xiao S and FanXH2011
Integratedmetabonomics analysis of the size-response
relationship of silica nanoparticles-induced toxicity inmice
Nanotechnology 22 055101
[51] SaboranoR,Wongpinyochit T, Totten JD, Johnston BF,
Seib F P andDuarte I F 2017Metabolic reprogramming of
macrophages exposed to silk, poly(lactic-co-glycolic acid), and
silica nanoparticlesAdv.HealthcareMater. 6 1601240
[52] ShimW et al 2012Analysis of changes in gene expression and
metabolic profiles induced by silica-coatedmagnetic
nanoparticlesAcsNano 6 7665–80
[53] IrfanA, CauchiM, EdmandsW,GooderhamN J,
Njuguna J andZhuH J 2014Assessment of temporal dose-
toxicity relationship of fumed silica nanoparticle in human
lungA549 cells by conventional cytotoxicity andH-1-NMR-
based extracellularmetabonomic assaysToxicol. Sci. 138
354–64
[54] Izquierdo-Garcia J L, Peces-BarbaG andRuiz-Cabello J 2012
Influence of ambient air onNMR-basedmetabolomics of
exhaled breath condensatesEur. Respir. J. 40 1294–6
[55] LadvaCN et al 2018Metabolomic profiles of plasma, exhaled
breath condensate, and saliva are correlatedwith potential for
air toxics detection J. Breath Res. 12 0160008
[56] Takeda I, StretchC, Barnaby P, Bhatnager K, RankinK, FuH,
Weljie A, JhaN and SlupskyC 2009Understanding the human
salivarymetabolomeNMRBiomed. 22 577–84
[57] MendezR, Banerjee S, Bhattacharya SK andBanerjee S 2019
Lung inflammation and disease: A perspective onmicrobial
homeostasis andmetabolism IUBMBLife 71 152–65
10
J. Breath Res. 14 (2020) 026005 J-J Sauvain et al
